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ABSTRACT OF DISSERTATION
THE RESPONSE OF BEEF CATTLE TO DISTURBANCES FROM
UNMANNED AERIAL VEHICLES (UAVS)

Unmanned aerial vehicles (UAVs) are increasingly becoming common in animal
agriculture. However, research regarding the impact of UAV disturbance on animal
wellbeing is lacking or limited. The goal of this study was to investigate the effect of UAV
flights on beef cattle by measuring cattle heart and movement rate when introduced to
single or multiple UAV flights. A total of 16 -18 crossbred beef heifers were introduced to
different flights patterns at between 5 and 9 m above ground level (AGL) at approximately
1 to 2 m/s horizontal velocity for 4 weeks with flights repeated 3 days per week. Results
from the study showed that single UAV flights conducted in (i) circular and (ii) grid pattern
flights had no significant effect on heifer heart and movement rate. However, multiple (i)
circular pattern and (ii) approach style flights increased heifer heart rate when first
introduced to UAVs, but repeated flights resulted in habituation. Moreover, heifers first
introduced to circular pattern flights were likely to flee but became habituated after
repeated flights. However, heifers introduced to approach style flights showed more fleeing
behavior even after repeated flights. The findings of this study will provide information for
safely using UAVs in cattle health and behavior monitoring.
KEYWORDS: Unmanned aerial vehicles, grid pattern, circular pattern, heart rate,
movement rate, multi-Agent
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CHAPTER 1. INTRODUCITON
The contribution of unmanned aerial vehicles (UAVs) to crop production (Ehmke,
2013; Tao, Feng et al., 2020), animal agriculture (Mufford, Hill et al., 2019b; Xu, Wang
et al., 2020) and wildlife research (Krause, Hinke et al., 2017a; Vas, Lescroël et al., 2015)
has been “disruptive”, paving way for innovative means of compiling high resolution
spatial and temporal data of landscape, crops and animals. Compared to manned aircraft,
UAVs can be used at lower altitudes, are less expensive, can be used in small spaces, and
some have vertical take-off and landing abilities. Furthermore, UAVs may be equipped
with visible cameras, multispectral cameras, hyperspectral cameras, infrared cameras,
and Light detection and ranging (Lidar) sensors (Doull, Chalmers et al., 2021; Laura
Thompson, Yeyin Shi et al., 2018). UAVs have been used innovatively for accomplishing
different task in wildlife research and management. Using photogrammetry, the weight of
some wild species were estimated using imagery derived from UAVs (Krause et al.,
2017a) and the population of endangered species were surveyed using imagery derived
from UAVs (Ezat, Fritsch et al., 2018; Mangewa, Ndakidemi et al., 2019). Likewise,
technology for spotting poachers in protected wildlife ranges have been explored using
imagery acquired from onboard visible and infrared sensors onboard a UAV (Doull et al.,
2021; Nuwer, 2017).
In crop production, UAVs have been used to estimate crop height (Anthony, Elbaum
et al., 2014), crop yield (Feng, Zhou et al., 2020) and monitor crop health (Tao et al.,
2020), soil moisture (Ge, Ding et al., 2021) using onboard UAV sensors and post
processing technology. In animal agriculture, UAVs have been used to survey pasture
fences (Jackson, 2021), count cattle (Bueno Ribeiro, 2020) and model the volume of beef
1

cattle (Pampolini, 2020). Also, UAVs have been used to derive cow-calf proximity using
videos and postprocessing techniques (Mufford, Hill et al., 2019a) and using onboard
temperature sensors, cattle temperature was estimated using UAVs (Webb, Mehlhorn et
al., 2017). The market value of UAVs is estimated at $127 billion dollars with agriculture
constituting a major portion of the market (PwC, 2016).
Although UAVs have transformed the way crop and animal health is monitored,
disturbances associated with the introduction of UAVs to animals in their natural or
altered environment can negatively affect their behavior and physiology. Ditmer, Vincent
et al. (2015) reported that black bears showed elevated heart rate but limited behavioral
response when introduced to UAV flights. Additional work by Ditmer, Werden et al.
(2019) showed that UAV flights that approached black bears also induced strong initial
changes, but repeated flights resulted in habituation. Mulero-Pázmány, Jenni-Eiermann et
al. (2017) reported that UAV flight characteristics and the state of the species exposed to
the flight were the two factors that were likely to result in changes in animal behavior.
Mulero-Pázmány et al. (2017) reported that UAV flight altitude, flight pattern, approach
style and speed can illicit strong changes in animals. Smith, Sykora-Bodie et al. (2016)
also reported that UAV noise and presence can illicit reaction from an animal. Duporge,
Spiegel et al. (2021) recommended flight altitudes for safely deploying UAVs using
species specific audiograms. Additionally, the gender, reproductive state and previous
handling experience can also influence the response of an animal to disturbances from
UAV flights (Pomeroy, O'Connor et al., 2015). Among animals, avian species were more
likely to react to disturbances from UAVs than large terrestrial mammals (MuleroPázmány et al., 2017). Also, domestication and regular handling of animals can reduce

2

their response to external stimuli from UAVs. Schroeder, Panebianco et al. (2020)
reported that compared to wild guanacos, domesticated guanacos were less likely to react
to UAV flights than their wild counterparts. In cattle, stress from external disturbance
caused by UAV can result in decrease daily weight gain triggered by fear, flight behavior
and increased cortisol production which may disrupt reproduction and meat quality in
beef cattle (Boissy, 1995; Cooke, 2009).
Sensors like global positioning system (GPS), accelerometers and pedometers have
been used to track animal behavior and behavioral response to external stimuli (de
Weerd, van Langevelde et al., 2015; Turner, Udal et al., 2000). Using GPS receivers,
Ditmer et al. (2015) quantified the behavioral response of black bears to UAVs and
Robért, White et al. (2011) grouped the daily behavior of beef cattle using
accelerometers. Other sensors like visible cameras have also been used to estimate the
behavior bout duration of cattle under different handling conditions (Doerfler,
Lehermeier et al., 2016; Hänninen & Pastell, 2009). Disturbances from UAVs can lead to
flight or fight behavior (Bennitt, Bartlam Brooks et al., 2019) which may be accompanied
by increased heart rate (Ditmer et al., 2015). Recently, welfare concerns regarding the
safe use of UAVs have become popular among researchers and conservationist and have
resulted in a UAV ban in all national parks in the United States (Ahlers, 2014). In this
study, we investigated the response of beef cattle to UAVs by noninvasively measuring
cattle heart and movement rate in response to UAV flights. Contingent on the findings of
Ditmer et al. (2015) we hypothesize that cattle introduced to UAVs will exhibit elevated
heart rate and limited movement rate. We assert that the outcome of this study will be

3

used to develop welfare guideline for safely deploying single or multiple UAVs in cattle
health monitoring and management. The research objectives include.

1.1

Research Objectives


Determine the suitability of low-cost GPS receiver for monitoring beef cattle
behavioral response to UAV.



Determine the physiological and behavioral response of beef cattle to different
UAV flight patterns.



Determine the behavioral response of beef cattle to UAV flights using videos
derived during UAV flights.



Determine the physiological and behavioral response of beef cattle to multiple
UAV flights.
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CHAPTER 2. SUITABILITY OF LOW-COST GPS RECEIVERS FOR MONITORING
BEEF CATTLE BEHAVIORAL RESPONSE TO UAVS
2.1

Introduction
Dedicated animal-borne GPS collars have been used to study cattle behavior in

rangeland (Clark, Johnson et al., 2006; Knight, Bailey et al., 2018), pasture
(McGranahan, Geaumont et al., 2018), and dairy systems (Jairo, Nicole et al., 2016).
Behavior data acquired from cattle wearing GPS collars has been used to accurately study
foraging, walking and lying behavior of cattle (de Weerd et al., 2015; Jairo et al., 2016).
Location errors (LE) linked to animal borne-GPS collars may arise from tree branches,
basal diameter and canopy (Rempel, Rodgers et al., 1995; Sigrist, Coppin et al., 1999),
antenna orientation (Belant, 2009) and collar weight (Brooks, Bonyongo et al., 2008).
Other factors like degree of cloud cover (Adams et al., 2013), satellite clock errors
(Turner et al., 2000) and GPS receiver noise (Wing, Eklund et al., 2005) have also been
shown to decrease horizontal accuracy (HA) of animal borne GPS collars. However,
Moen, Pastor et al. (1996) found no significant effect of moose movement and stationary
behavior on GPS fix success rate. Different GPS HA measurements (circular error
probable ‘CEP’, 95% circular error probable ‘CEP95’, distance root mean square
‘DRMS’ and two-distance root mean square ‘2DRMS’) have been cited in literature
(Agouridis, Stombaugh et al., 2004) but CEP and 95% CEP have been commonly
reported by manufacturers (van Diggelen, 2007).
The HA of GPS receivers varies depending on the application. GPS receivers
meant for high accuracy survey operations use real-time kinematic (RTK) correction to
provide sub-centimeter accuracies (Pirti, 2008) compared to uncorrected recreational or
consumer grade receivers that provide sub-meter accuracies (Wing et al., 2005). Early
5

commercial GPS collars for livestock have been previously quoted at $2,500 to $5,000
(Rodgers, 2001) but have been recently estimated at $500 - $3,000 (Davis, Darr et al.,
2011). Also, Serr, Windholz et al. (2006) found a positive relationship between GPS HA
and cost. Stand-alone low-cost consumer-grade GPS receivers are classified as receivers
developed for recreational activities, are inexpensive (< $500) and have horizontal
accuracy of 5 – 10 m (Abdi, Mariv et al., 2014). Knight et al. (2018) reported the HA of a
livestock GPS collar to be approximately 5 m and smartphone GPS tested in urban
environment was found to be between 7 and 13 m (Krista & Pete, 2019). Furthermore,
smartphones equipped with GPS receivers and accelerometers have been used to study
cattle behavioral response to unmanned aerial vehicles (UAVs) in pasture (Abdulai, Sama
et al., 2021). UAVs have been used in livestock agriculture for monitoring pasture fences
(Jackson, 2021), tracking crop health (Tao et al., 2020) and estimating the weight of
wildlife (Krause et al., 2017a). The use of animal borne GPS collars to quantify animal
behavioral response to external stimuli from UAVs has been explored in small animal
herds (Ditmer et al., 2015). However, the use of animal borne GPS collars in large
population for studying animal behavioral response to UAVs is cost prohibitive and
fewer collars adopted to model animal behavior can significantly increase error (Turner et
al., 2000). Therefore, we determined the HA of low-cost stand-alone GPS receivers and
smartphones at different sample intervals to determine if their accuracy compares to
commercial livestock GPS collars and are suitable for studying cattle behavioral response
to UAV flights. The outcome of this study will provide information on the HA of lowcost GPS receivers and smartphones for accurately monitoring cattle behavioral response
to UAV flights.
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2.2

Materials and Methods

2.2.1

GPS Receivers
The HA of a stand-alone GPS receiver (Flashback GPS, LandAirSea Systems

Incorporated, Woodstock, IL) and a smartphone (Tribute Dynasty, LG, Seoul, South
Korea) were evaluated in this study. A data logging app (AndroSensor app, version
1.9.6.3, Fiv Asim) was installed on the smartphone to log uncorrected location data in
comma-separated-value (CSV) text format. The smartphone used a battery of 2,500 mAh
capacity, 16 gigabyte internal storage and operated Android Nougat Operating System
(version 7.1.2). The stand-alone GPS receiver was equipped with an internal storage of
100 hours and 50 hours of battery life with quoted accuracy of 2.5 m (Worldeyecam
INC., 2021). The unit price of the stand-alone GPS receiver was $200, and the
smartphone was $50. Positional fixes were sampled at 5-minute and 1-second intervals
for 24 hours for both GPS receivers. The 24 hour period used in the study allowed for the
inclusion of two full satellite constellation phases (Samama, 2008) and HA was tested
under four placements: (a) open field without obstructions, (b) underneath trees with
canopy, (c) underneath trees without canopy and (e) near an electric fence line (Figure 1)
to model locations in pasture where cattle spend their time in the summer and the fall
during UAV flights.

7

Figure 1.The three different conditions where static GPS testing was conducted. The
legend depicts the different testing conditions, open field, near electric fence line and
under tree placements
.

2.2.2

Static GPS Testing
Static testing of GPS receivers began on May 20, 2019, at the University of

Kentucky (UK) C. Oran Little Research Center (38.0758° N, 84.7393° W) and lasted
until May 22, 2019, for the 5-minute sample interval study. The 1-second interval study
began on January 15, 2020 and continued for three weeks. Static testing was conducted
on wooden stands, which comprised of two collapsible A-frames built from a 5.1 x 10.2 x
100 cm (depth x width x length) lumber separated by a 5.1 x 10.2 x 76.2 cm lumber
assembled to stand 107 cm above the ground (Figure 2). Test stands were spaced at 4.6 m
and 3.1 m apart in the 5-minute and 1-second sample interval to prevent possible signal
interference between individual GPS receivers (Agouridis et al., 2004). Test stands were
8

placed in locations that were previously surveyed with a survey-grade Trimble R10
global navigation satellite system (GNSS) with HA of 8 mm (Trimble, 2019). The
Trimble R10 GNSS receiver used the Kentucky Continuously Operating Reference
Stations (KCORS) through cellular connection to receive real-time kinematic (RTK)
corrections. Four (4) identical smartphones and stand-alone GPS receivers were used in
each previously surveyed location in May and nine (9) identical smartphones and standalone GPS receivers in January.

(B)

(A)

(C)

Figure 2. GPS receiver test stand used to evaluate horizontal accuracy of the (A),
smartphone (B) and stand-alone GPS (C).
2.2.3

Post Processing
The HA of the GPS receivers were determined using the method reported by

Agouridis et al., (2004). GPS location fixes (latitude and longitude) in angular
measurement (World Geodetic Service 84) were converted to Cartesian Universal
Transverse Mercator (UTM) in grid zone 16S using an online conversion resource by
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Clark (2021). At 1-second sample interval, a total of 86,400 fixes were produced and at
5-minute sample interval, a total of 288 fixes generated after 24 hours by each receiver.
The HA of each 86,400 and 288 positional fix was calculated using equation (3) after
applying equation (1) and (2). A total of 300 HA values were averaged (moving-average)
to produce 288 fixes (Rodrigo-Perez et al., 2007) which was equivalent to the 5-minute
sample interval used in May. The HA of each identical stand-alone GPS receiver and
smartphone was evaluated using different accuracy measurements; (a) circular error
probable (CEP), (b) distance root mean square (DRMS), (c) 95% circular error probable
(CEP95), and (d) two distance root mean square (2DRMS).
∆𝐸 = 𝛼

− 𝛼

Equation 1

∆𝑁 = 𝛽

− 𝛽

Equation 2

∆𝐻 =

Equation 3

(∆𝐸) + (𝑁)

where ΔE = easting error, ΔN = northing error, α = longitude in UTM, β = latitude in
UTM and ΔH = horizontal accuracy of the GPS receiver in meters.
receiver = location data from the stand-alone and smartphone GPS receiver and reference
= location data from the Trimble R10 GNSS receiver
The calculated HA of each measurement was ranked and the percentile value
determined using the prctile function in MATLAB 2019a (MathWorks, Natick,
Massachusetts, USA). The HA at each percentile value represented the accuracy
associated with each measurement method. The mean HA values obtained from static
testing was logarithmically transformed using Kolmogorov-Smirnov test after adding the
value of one (1) to mean HA value. Generalized linear model in SAS 9.4 (SAS Inc, Cary,
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North Carolina) was used in statistical analysis and Tukey post-hoc analysis used to
establish statistical difference between mean HA of the GPS receivers under the different
placements at p ≤ 0.05 at 5-minute and 1-second sample intervals.

2.3

Results
The results of HA analysis of the smartphone and stand-alone GPS receiver

conducted in open field, near electric fence-line, under tree with foliage and leaf-off
placements at 1-second and 5-minute sample interval (Table 1). Also, Table 2 shows the
overall mean HA estimates and standard error associated with device, location, and
sample interval.
Table 1. Mean and standard deviation of horizontal accuracy of the smartphone and
stand-alone GPS receiver in open field, fence line and under tree with canopy and
without canopy.
GPS Receiver
Horizontal Accuracy Measurements and Testing Conditions (m)
CEP [1]
DRMS [2]
CEP95 [3]
2DRMS [4]
N [5]
Five (5) Minute Sample Interval
a

Smartphone
Stand-alone GPS

4.2 ± 2.5
2.3 ± 0.9a

Smartphone
Stand-alone GPS

3.7 ± 1.0a
3.1 ± 0.8a

Smartphone
Stand-alone GPS

12.8 ± 8.4a
11.3 ± 7.6a

Smartphone
Stand-alone GPS

2.2 ± 0.6a
1.2 ± 0.2a

Smartphone

2.8 ± 1.0a

Open Field
4.2 ± 1.2a
4.5 ± 2.0a
4.5 ± 2.0a
2.8 ± 0.7a
4.3 ± 1.1a
4.5 ± 1.3a
Fence Line
3.9 ± 0.9a
4.3 ± 1.4a
4.3 ± 1.4a
4.0 ± 0.4a
5.7 ± 0.4a
6.5 ± 0.6a
Under Tree with Canopy
14.1± 8.7a
19.2 ± 8.4a
22.3 ± 12.2a
11.9 ± 7.9a
14.5 ± 7.9a
14.6 ± 8.8b
One (1) Second Sample Interval
Open Field
2.9 ± 1.1a
6.4 ± 1.6a
1.5 ± 0.2a
2.5 ± 0.4a
Fence Line
3.2 ± 0.9a
5.2 ± 2.5a
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4
4
4
4
4
4

7.1 ± 2.0a
3.0 ± 0.3a

9
9

6.0 ± 3.2a

9

Stand-alone GPS

2.5 ± 0.3a

Smartphone
Stand-alone GPS

4.0 ± 0.9a
2.9 ± 0.7a

3.0 ± 0.3a
4.4 ± 0.5a
Under Tree without Canopy
4.5 ± 1.3a
6.8 ± 2.1a
3.4 ± 0.8a
4.9 ± 1.1a

4.9 ± 0.7a

9

7.3 ± 2.4a
5.6 ± 1.2a

9
9

[1]

Circular error probable
Distance root mean square
[3]
95% circular error probable
[4]
Two distance root mean square
a-b
Within a horizontal accuracy measurement (column) and at a specified sample interval
and location, differences in superscript indicate that the smartphone and the stand-alone
GPS differ significantly (P < 0.05)
[2]

Table 2. Overall Mean horizontal accuracy estimates and standard error of different
accuracy measurement with regards to device, location, and time interval
Horizontal Accuracy Measurements and Testing Conditions
(m)
CEP[1]
DRMS[1]
CEP95[1]
2DRMS[1]
Device
Stand-alone GPS
Smartphone
Location
Fence Line
Open Field
Under Trees
Time Interval
1 Second
5-Minutes

3.9 ± 0.4a
4.9 ± 0.4a

4.4 ± 0.4a
5.5 ± 0.4a

6.1 ± 0.5a
7.9 ± 0.5b

6.5 ± 0.6a
8.8 ± 0.6b

3.0 ± 0.5a
2.4 ± 0.5a
7.7 ± 0.5b

3.5 ± 0.5a
2.9 ± 0.5a
8.5 ± 0.5b

4.9 ± 0.6a
4.7 ± 0.6a
11.3 ± 0.6b

5.4 ± 0.7a
5.2 ± 0.7a
12.4 ± 0.7b

2.6 ± 0.5a
6.2 ± 0.5b

3.1 ± 0.5a
6.8 ± 0.5b

5.0 ± 0.5a
8.9 ± 0.5b

5.6 ± 0.7a
9.7 ± 0.7b
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[1]

Circular error probable
[2]
Distance root mean square
[3]
95% circular error probable
[4]
Two distance root mean square
a-b
Within a horizontal accuracy measurement (column), differences in superscript
indicate values significant differ (P < 0.05) for devices, location, or time interval.
2.4

Discussion
Across location and sample intervals, the standalone GPS was shown (P < 0.05) to

manifest a reduced CEP95 and 2DRMS HA means by 23 and 26%, respectively, when
compared to the smartphone (Table 2). However, no significant difference in HA was
shown between the stand-alone GPS and smartphone for CEP or DRMS measurements.
Within a location and time interval, the smartphone and stand-alone GPS devices were
found to manifest similar mean HA (Table 1). The exception was with the 2DRMS at
five-minute sample interval and under trees with canopy where the mean HA was (P <
0.05) 34% lower with the stand-alone GPS than with smartphone. The mean HA of the
smartphone was comparable to that reported by Krista et al. (2019) for the iPhone 6
smartphone without Wi-Fi enabled functionality (7 - 13 m).
Also, across devices and sample intervals, location demonstrated that open field
and fence line HA mean measurements were similar (P > 0.05). Nonetheless, all HA
mean measurements under trees were higher (P < 0.05) by 129 - 219% compared to open
field or fence line. The results from testing under tree with canopy and leaf-off
placements were consistent with Rodrigo-Perez et al., (2007) who reported higher
location errors under tree canopy and forest conditions. The poor HA reported under trees
with canopy and leaf-off placements may have originated from interferences and
reflection of GPS signal by tree foliage, branches, stems and trunks which was congruent
13

with Pirti (2008) who reported that high multipath environments like tree canopies and
branches can decreases HA. Unlike static testing under trees with/without canopy
placements where multipath errors were prominent, GPS receivers tested in open field
were exposed to open skies unhindered by tree canopy, trunks and branches which may
have improved the HA of the receivers (Adams, Dickinson, & Robertson, 2013).
Moreover, across devices and locations, increasing the sample interval from 5 minutes to
1 second improved (P < 0.05) the HA mean measurement by 42-58%.
Although dynamic HA testing of the smartphone and stand-alone GPS receiver
was not conducted in this study, we state that the HA of the two GPS receivers obtained
from static testing can be used to estimate dynamic accuracy and used to model cattle
behavioral response to UAV flights. Our theory stem from findings by Moen et al. (1996)
who found no effect of moose movement on the fix success rate of mounted GPS collars.
Also, the HA of the Lotek 2200 livestock collar (commercial animal borne collar) tested
under static open field conditions was equivalent to that found during dynamic testing of
the collar (Agouridis et al., 2004)
The smartphone and the stand-alone GPS receiver produced more desirable mean
HAs than the Sirtrack Electronics GPS data logger – 30 m (Adams, Dickinson, &
Robertson, 2013), Knight animal collar, < 100 m (Knight et al., 2018), and was
comparable to the Lotek 330 animal collar, < 5 m (Knight et al., 2018), Clark Animal
Tracking System, 6.3 m (Clark et al., 2006) and Vectronic animal collars, 5 m (Ditmer et
al., 2015). The unit price of the smartphone was $50, and the stand-alone GPS was $200
excluding housing hardware cost and data-logging app for the smartphone. The price of
the smartphone and stand-alone GPS receiver was 40 and 10 times lower than the Lotek
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3300 animal collar respectively (Knight et al., 2018). Also, the cost of the smartphone
and stand-alone GPS receiver was lower than the Clark animal tracking system by a
magnitude of 17 and 4 (Clark et al., 2006).
When studying cattle behavioral response to UAVs, the research question sought is
whether cattle are active or inactive during the period of the flight. The display of
inactive or active behavior (flight or other avoidance behaviors) may be indicative of
stress (Ditmer et al., 2015) and so by understanding cattle behavioral response to UAV
flights at high resolution, guidelines for safe use of UAVs in cattle management or
research can be developed. The ability to capture behavioral change in cattle during UAV
flights would be more readily achieved by sampling GPS fixes at high resolution (1second) as opposed to the 5-minute sample interval. The battery life and robustness of the
GPS receiver are factors deemed essential when selecting low-cost GPS receivers for
large-herd cattle behavioral response to UAV study. The stand-alone GPS receiver was
able to hold power for about 47 hours for continuous recording for 1-second sample
interval, was portable, and had waterproof sealing which made it robust for field
applications. However, limited battery life maybe a hinderance to long-term field
application. On the contrary, the smartphone was equipped with a fragile touch screen,
possessed < 24 hours battery life, and was water damageable which made it less robust
for field use on cattle. However, the presence of multiple built-in sensors and ability to
install apps on the smartphone and connect to other sensor using Wi-Fi or Bluetooth
makes it suitable for recording cattle behavior, temperature, and sound pressure level
during UAV flights. High sample intervals are suitable for monitoring cattle behavioral
response to UAV flights though it comes at a cost to battery power consumption. Davis et
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al. (2011) reported that increasing fix interval increased power consumption of GPS
receivers. The use of external battery packs for longer periods and rugged hardware to
house the instruments against weather elements and rambunctious movement of the collar
is recommended. Contingent on the findings of this study, the use of low-cost GPS
receivers and smartphones with HA ≤ 5 m CEP at high sample interval can contribute to
accurately modeling cattle behavioral response to UAV flights. Future research will
investigate the HA of the smartphone and stand-alone GPS receiver under dynamic
conditions to simulate cattle behavior in pasture.

2.5

Conclusions
In this study, the HA of a stand-alone GPS receiver and smartphone were tested in

open field, under tree with/without canopy, and near electric fence line at 5-minute and 1second sample interval and the mean HA was found to be variable under different testing
placements. The HA of the smartphone and stand-alone GPS were found to be equivalent
for CEP and DRMS measurements, but the HA of the stand-alone GPS was shown to
decrease (23 and 26%) at CEP95 and 2DRMS. At 5-minute sample interval, the mean
CEP, DRMS, CEP95 and 2DRMS value of both devices was 72 – 138% higher than at 1second sample interval. Furthermore, testing under trees with/without canopy produced
higher mean (129 - 219%) CEP, DRMS, CEP95 and 2DRMS values compared to open
field and fence line static testing. Sampling GPS fixes at 1-second interval is
recommended during short UAV flights in cattle monitoring. Capturing high resolution
changes in animal behavior will enable more accurate modeling of cattle behavioral
response to UAVs. Although the stand-alone GPS receiver hardware design made it more
robust than the smartphone, using a water and impact proof collar hardware can improve
16

the robustness of the receivers on cattle during field use. Based on the outcome of our
study, we found that using low-cost stand-alone GPS receivers and smartphones at 1second sample interval with CEP value ≤ 5 m can provide an accurate means of
quantifying large herd cattle behavioral response to UAV flights.
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CHAPTER 3. PHYSIOLOGICAL AND BEHAVIORAL RESPONSE OF BEEF
CATTLE TO DIFFERENT UAV FLIGHT PATTERNS
3.1

Introduction
Every year, more than 2.5 million cattle estimated at $1.5 billion dollars are lost to

diseases (National Agricultural Statistics Service, 2011). Poor livestock health constitutes
more than 60% of all cattle deaths and remains the biggest cause of cattle loss in the US
(National Agricultural Statistics Service, 2011). Disease related deaths can
be mitigated if symptoms are observed early in cattle, which may result in specific
treatment and limited use of antibiotics (Milner, Page et al., 1997). Traditionally,
observations by producers have been the primary means of monitoring cattle health in
pasture. However, these observations can be subjective and sometimes inaccurate
(Theurer, Amrine et al., 2013). Additionally, some health conditions in cattle are difficult
to spot in early stages which may limit the efficacy of producer observations (González,
Tolkamp et al., 2008). In addition to producer observations, health monitoring
instruments like pedometers, accelerometers, video recorders, and infrared sensors have
also been deployed to monitor cattle health (Theurer et al., 2013). However, problems
associated with installing sensors on many individual animals, downloading large
datasets from many sensors and sensor hardware and software malfunction can limit the
field use of some animal borne sensors like pedometers and accelerometers.
The market value of UAVs in agriculture is estimated at $32 billion dollars globally
and is projected to rise with increase agricultural production worldwide (Michał,
Wiśniewski et al., 2016). In beef cattle management, UAVs have been used in herding
operations (Brady, 2017), inspecting fences lines (Jackson, 2021), cattle counting (Xu et
al., 2020), and monitoring feeding behavior (Nyamuryekung’e, Cibils et al., 2016).
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Additionally, cattle body temperature has been measured using onboard UAV detection
system (Webb et al., 2017). Preliminary work has been performed with UAVS and live
size cattle figurine to estimate cattle volume (Pampolini, 2020). In wildlife research,
UAVs have also been used to estimate the weight of seals (Krause et al., 2017a), survey
crocodile population (Ezat et al., 2018) and investigate UAV- bird response (Vas et al.,
2015). Though UAVs have great potential in livestock management and research, UAVs
may induce a new form of stress in animals because UAV flights can be conducted
repeatedly and at low altitudes (Ditmer et al., 2015). Mulero-Pázmány et al. (2017)
reported that the likelihood and intensity of an animal’s response to external stimuli from
UAVs arises from the characteristics of the disturbing agent-UAV (i.e., size of agent,
noise, speed, angle of approach) and the condition, experience, and nature of targeted
species (i.e., avian or terrestrial, domesticated or wild, gender). Mulero-Pázmány et al.
(2017) also showed that approach style flight patterns that target animals were more
likely to elicit stronger reactions than mapping style flights that fly over the animal of
interest. Cattle can be stressed when exposed to novelty (Boissy, 1995; Grandin, Manci et
al., 1998). Stressful reactions like baulking (Klindworth, Greenall et al., 2003), increased
heart rate (Waynert, Stookey et al., 1999) and flight (Klindworth et al., 2003; Moran &
Doyle, 2015) are common in stressed cattle. Although cattle respond negatively to
novelty (Boissy & Bouissou, 1995), repeated exposure to new stimuli may result in
habituation. Mufford et al. (2019b) reported that cattle introduced to UAV flights became
habituated with repeated flights after initial vigilant response.
The stress response of animals to UAVs differs among species, gender, reproductive
condition, and age (Ditmer et al., 2015; Pomeroy et al., 2015). Previous studies that
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examined the effect of UAVs on animal behavior or physiology have mostly focused on
wildlife (Christiansen, Rojano-Doñate et al., 2016; Krause, Hinke et al., 2017b) and
research that involved cattle (Mufford et al., 2019b; Webb et al., 2017) were related to
specific outcomes without quantifying the effects of UAV flights on beef cattle
physiology or behavior. The anthropogenic disturbance caused by UAVs was comprised
of the physical presence posed and noise generated during flights (Smith et al., 2016). To
complete a cattle surveillance operation without negatively affecting the physical, mental,
and physiological wellbeing of cattle, it is important to investigate the response of beef
cattle to disturbance from UAV flights. The goal of this study was therefore to determine
the physiological and behavioral response of beef cattle to UAV flights by measuring
changes in cattle heart and movement rate in response to UAV flights. Because novel
objects can induce strong response in cattle (Boissy et al., 1995), it was hypothesized
than beef cattle will express significant behavioral and physiological response to UAV
flights.

3.2

Materials and Methods

3.2.1

Animal Care
The study was approved by the University of Kentucky (UK) Institutional

Animal Care and Use Committee (2017-2694). Eighteen (18) two-year-old UAV flight
naïve black Angus heifers (542 +/- 12 kg) were used in the study. During the study, no
heifer was removed because of extreme discomfort or pain caused by UAV flights or
sensors mounted on cattle.
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3.2.2

Study Area
The study was conducted at the beef research facility of the UK C. Oran Little

Research Center in Versailles, Kentucky, United States (38.0758°N, 84.7393°W). The
study began on June 11, 2019, lasted four (4) weeks with UAV flights conducted three
days each week. Heifers were grouped in one pasture on days when flights were not
conducted. The research area consisted of eight (8) pastures of 0.4 - 0.8 ha. The two (2)
largest pastures held three heifers while the remaining six (6) pastures held two (2)
heifers each.
3.2.3

Sensor Setup
The heart rate (HR) of heifers was measured with a noninvasive HR sensor (Polar

H10, Polar Electro Oy, Kempele, Finland) in beats per minute (bpm) similar to that used
by Doerfler et al. (2016) at 1 Hz frequency. Due to hair growth (or length), the heart girth
hair of each heifer was sheared with a clipping machine similar to Doerfler et al. (2016)
in the week three (3) to increase electrode-body contact. While heifers were safely held in
a hydraulic squeeze chute (Figure 3. (a)), the heart rate sensor was fastened unto a belt
buckle (Polar Equine Belt, Polar Electro Oy, Kempele, Finland) and strapped around the
heart girth circumference of each heifer (Figure 3.(b)) similar to the method by Doerfler
et al. (2016). To improve HR data acquisition, electrode liquid gel (Aloe Vera, Fruit of
the Earth, Grand Prairie, Texas, USA) was applied to the lower thorax heart area
underneath the electrode of the belt buckle. A HR data logging app (Polar Beat app,
version 3.4.5, Polar Electro Oy, Kempele, Finland) was installed on a smartphone (LG
Tribute Dynasty, LG, Seoul, South Korea) and paired with the HR sensor wirelessly
through Bluetooth. Due to software limitations, the pairing of multiple HR sensors with
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one app on a single device was not achievable. Thus, each sensor had a designated
smartphone with an installed app and individual heifer account resulting in the use of 18
identical smartphones. An external battery bank (24,000 mAh) was used to extend the
smartphone battery life for the period of the study (Figure 3.(c)). Additionally, to avoid
water damage, the smartphone and battery pack were sealed in a plastic bag and enclosed
in a small waist bag that was fastened around the neck of each heifer (Figure 3.(d)). The
mean weight of each collar was 0.6 kg which consisted of the waist bag with smartphone,
external battery pack, and a low-cost GPS receiver. The mean weight of collars was 0.1%
of the mean total body mass (TBM) of the heifers which according to Brooks et al.
(2008) was unlikely to negatively alter the physical behavior of large ungulates.
A low-cost stand-alone GPS receiver (Flashback GPS, LandAirSea Inc.,
Woodstock, Illinois, USA) with reported horizontal accuracy of ~3 m was used to log
location data at 1 Hz frequency. The stand-alone GPS receiver was placed on the side
pocket of the collar (
Figure 3.(d)) and taped to hold in place. The smartphone GPS was used
concurrently with the stand-alone GPS receiver to record heifer movement rate (MR) at 1
Hz to help with instances where the stand-alone receiver failed to log data (cow 10 & 14
in week 1, cow 4, 7, 2 & 14 in week 3 and cow 7 & 2 in week 4).
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Figure 3 (a) Heifer in hydraulic squeeze chute with collar around its neck, (b) heart
rate sensor fastened around the lower thorax area of heifer, (c) smartphone
connected to the external power bank via a power cable, the heart rate sensor (left)
and stand-alone GPS receiver (right) and (d) collar containing recording
instruments and heart rate belt buckle.
3.2.4

UAV Operations
UAV flights were conducted with a 1.4 kg multirotor quadcopter drone (DJI

Phantom 4, Nanshan, Shenzhen, China) (Phantom 4, 2016). The flight patterns used in
the study were (i) circular and (ii) grid pattern flights. Circular pattern flights (CPF) were
intended to represent flights used to directly observe animal activity in pasture; while grid
pattern flights (GPF) represented survey flights that were conducted for pasture mapping.
UAV flights were conducted at 9 m above ground level (AGL) relative to the launch
point and each treatment lasted roughly five (5) minutes similar to Ditmer et al. (2015). A
flight mapping app (DroneDeploy, version 3.9.2, San Francisco, California) was used to
create grid pattern flight paths and a video and image recording app (DJI GO, version
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4.3.16, Nanshan, Shenzhen, China) used to conduct CPFs. Both apps were installed on an
Android tablet (Samsung S3, Samsung, Seoul, South Korea) to conduct autonomous GPF
and semi-autonomous CPFs. CPFs consisted of radii of ~ 6 - 12 m at a flight speed of ~ 2
m/s. GPF were conducted at a velocity of ~ 2 m/s at 9 m AGL with front and side overlap

of 80%. UAV flights were conducted legally by a pilot in command (PIC) with a Federal
Aviation Administration (FAA) remote pilot license for small Unmanned Aircraft
Systems (sUAS). During CPFs, the PIC was able to observe heifer behavior through live
video feed transmitted wirelessly at 2.4 GHz from the UAV (Phantom 4, 2016) and
because UAV take-off point oversaw treatment pastures, the PIC was also able to observe
other UAV-cattle interaction in GPFs. A total of 120 UAV flights were conducted during
the study and setting-up and installation of sensors on heifers on the first day of each
treatment took place between 6:00 and 10:00 AM. Sensors were removed at 11:00 AM
on day three of each treatment. UAV flights were conducted on day one (1) of treatment
(afternoon, 3:00 – 5:00 PM), two (2) times the second day (morning, 8:00 – 11:00 AM
and afternoon, 3:00 – 5:00 PM) and once on day three (3) (morning, 8:00 – 11:00 AM).
Meteorological conditions during the trial were obtained from nearby weather station.
3.2.5

Post Processing
Heifer HR from GPFs and CPFs was analyzed using data from heart rate sensors

and low-cost GPS receivers, respectively. Heifer HR was analyzed using data retrieved
from sensors in week one (n = 12), two (n = 14), three (n = 13) and four (n = 14). Heifer
MR data was also evaluated with data retrieved from GPS receivers in week one (n = 11),
two (n = 13), three (n = 12) and four (n = 14). Due to the shifting of the heart rate sensor
belt and impediment from skin hair, missing data points were created which resulted in
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the use of mixed-effects models analysis similar to that reported Doerfler et al. (2016).
Similar to Ditmer et al. (2015) and Doerfler et al. (2016) who were able to detect strong
changes in heart rate within an equivalent time frame, the mean HR and MR of heifers
was reported five (5) minutes before UAV take-off from home point (control) and five
(5) minutes during UAV flights. The effect of GPFs and CPFs on heifer HR and MR was
analyzed using mixed-effects models in SAS Studio software 4.4 (SAS Institute Inc.,
Cary, NC, USA) using the PROC MIXED procedure. Mixed models comprised of fixed
effects which included flight conditions (preflight and during UAV flight), flight pattern
(CPF and GPF), week (1, 2, 3, and 4), day (1, 2, and 3), time of day (AM and PM), and
their interactions. Heifer and field were included in the random statement. Means were
considered significant at P ≤ 0.05. Before analysis, residuals were assessed for gaussian
distribution using Shapiro-Wilk test and when the model assumptions were not satisfied,
data was inversely or negative logarithmically transformed. Covariate analysis was also
conducted to control for the effect of ambient temperature on heifer HR response to UAV
flights. Daily ambient temperature represented the continuous covariate variable and
heifer HR recorded during UAV flights as the dependent variable for the covariate
analysis. Covariate analysis was completed with SAS Studio software 4.4 (SAS Institute
Inc., Cary, NC, USA)

3.3

Results

3.3.1

UAV Flight Treatments
The spatial and temporal interaction between heifers and UAVs in circular and

grid pattern flights are shown in Figure 4. In CPF (Figure 4. (A)), UAV flights were

25

conducted semi-autonomously with autonomous flights starting at the heifer’s current
location at the center of the circular flight. GPF (Figure 4.(B)) were autonomous without
any consideration to the current location of the heifer. In Figure 4. (A), red, yellow, blue
and white dots represent the measured locations of heifers in pasture treated with CPFs
and in Figure 4. (B), red, white, green and yellow dots represent the measured locations
of heifers treated with GPFs. In Figure 4. (A) and Figure 4Figure 4. (B), heifer location
outside the pasture on the left represented the entry of heifers into the pasture for flight
treatment and their exit after flight treatment when heifers were moved with a utility
vehicle and handlers. Throughout the trial, ambient temperature and relative humidity
during the flights varied from 17.5 – 31.7 o C and 36.6 – 86.8% respectively.
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A
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B
Figure 4. Field view of circular (A) and grid (B) pattern flights relative to cattle
location during UAV flight. The dark lines represent UAV flight paths and other
colors show the location of heifers. Location data found outside pasture perimeter
was due to GPS drift. Pasture counts were from the top of the rectangular pasture to
the last trapezoid looking pasture.
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3.3.2

Physiological Response
Across flight pattens, the mean HR of heifers exposed to UAV flights was not

significantly different (P = 0.848) from preflight HR with HR being 70.6 and 70.7 bpm
respectively (Table 1). A flight pattern comparison showed (P = 0.861) a numerical
difference for HR between CPF and GPF at 71.0 and 70.3 bpm respectively. For CPF and
GPF, the HR during UAV flights was shown to be numerically (P > 0.410) decreased
from preflight values by 0.2 bpm for each flight treatment. Across flight patterns, week
and day were found to have a significant (P < 0.0001) effect on HR. The heart rate was
decreased (P <0.0001) from 76.3 bpm by 12% when going from week 1 to 2; while
weeks 2 through 4 were shown (P > 0.175) to manifest a similar mean heart rate. Mean
heart rate of 75.1 bmp was found (P = 0.002) to be reduced by 4% when moving from
day 1 to day 2 and was decreased (P = 0.0004) by 10% when transitioning from day 2 to
3. For HR, temperature was shown (P = 0.127) not to be a covariate with HR. Time of
flight demonstrated no significant (P = 0.500) effect on HR.
3.3.3

Behavioral Response
Across flight pattens, the mean movement rate of heifers observed during UAV

flights was not significantly (P = 0.848) different from preflight MR with the MR being
0.05 and 0.06 m/s respectively (Table 1). Flight pattern MR was also not found to be
significantly (P = 0.407) different between CPF and GPF with the MR being 0.07 and
0.04 respectively. For CPF and GPF, the MR during UAV flights was shown to be
numerically (P > 0.42) decreased from preflight values by 0.01 and 0.02 m/s
respectively. Temperature was found (P = 0.390) not to be a covariate with MR. Week,
day, and time of flight showed no significant (P > 0.075) effect on MR.
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Table 3. Heart and movement rate of heifers observed in grid and circular pattern UAV
flights. a
During
Item

UAV
Preflight b
Flight c SEM
Heart Rate (bpm) d

Pvalue

Across Flight Patterns
All Flights

70.7

70.6

2.1

0.848

Within Flight Patterns
Circular Pattern
Flight
Grid Pattern Flight

71.1
70.4

70.9
70.2

2.9
3.0

0.883
0.901

0.05

0.02

0.240

Movement Rate (m/s) e
Across Flight Patterns
All Flights

0.06

Within Flight Patterns
Circular Pattern
Flight
0.07
0.06
0.03
Grid Pattern Flight
0.05
0.03
0.03
a. Data are presented as least squares means (±SEM)
b. Preflight, Five (5) minute prior to UAV flight in pasture.
c. During UAV Flight, Five (5) minutes of UAV flight in pasture.
d. bpm, beats per minute
e.
meters per second
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0.437
0.420
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Figure 5. Bar chart with individual data points of daily heifer HR (A, B, C, D) and
MR (E, F, G, H) across weekly flights GPF and CPF. Bar chart shows mean and
SEM of heifer HR and MR. Pre notation represents preflight HR or MR, and UAV
flight represents heifer HR and MR during UAV flights.
3.4
3.4.1

Discussion
Physiological Response
The heifers in this study were naïve to UAV flights, yet the heifer’s response to

UAV flights was shown to be the opposite of that hypothesized for HR. Unlike, Ditmer et
al. (2015) who reported significant changes in black bear HR but limited behavioral
response during UAV flights, there was no evidence of significant change in heifer HR
and MR across flight patterns or within GPF or CPF. Mulero-Pázmány et al. (2017)
reported that the likelihood of an animal’s reaction to UAV flights arises from the
characteristics and mode of the flight agent (i.e., speed, approach angle, flight pattern,
flight altitude, UAV type) and the biological state of the species (i.e., gender, type of
species, reproductive stage). The characteristics of the flight agent (9 m AGL, grid or
circular pattern flights, 2 m/s) on the species (two-year-old, heifers, large, domesticated
ungulates) was not adequate to elicit strong physical and physiological response.
Furthermore, because CPFs were meant to spot and observe heifers in pasture, the
heifers were surmised to be able to perceive the UAV. From the onset of the trial, it is
theorized that the heifers must have determined the UAV at that altitude to be benign
danger which resulted in an unaltered heart rate. GPF is associated with pasture
evaluation and mapping, and 9 m AGL would most likely represent the lowest altitude
that these missions would be conducted. For the GPFs, the time in the pasture was
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equivalent to CPF. However, the limited duration of the UAV in direct proximity over the
heifers may have also allowed for the physiological conditions to remain constant.
Although the flight patterns were different, there was no evidence that grid or circular
pattern flights at 9 m AGL elicited physiological changes in heifers. Mulero-Pázmány et
al. (2017) noted that mapping flight patterns were less likely to induce strong reaction
than animals approached at lower altitudes and at shorter horizontal distance. Moreover,
Ditmer et al. (2019) reported that black bears were approached at lower altitude in a
habituation study to induce stronger initial reaction which was not the case in our study.
In this study, UAV altitude remained constant for GPFs and CPFs and could have also
contributed to lowered physiological and behavioral response. Moreover, ambient
temperature had no controlling effect on heifer HR response to CPFs and GPFs.
3.4.2

Time
Across flight patterns, elevated HR value for week 1 when compared to week 2

was presumed to be related to the initial handling. Handling for all the weeks was
conducted in a similar fashion, but a difference between the first two weeks was
demonstrated, nonetheless. When compared to day 2 and day 3, the higher HR on day 1
across flight patterns was theorized be the result of movement of animals from the
working facility to pasture. There was a five-hour washout period between the cattle
going to pasture and UAV flights which should have been sufficient. Even so, cattle
manifested a higher heart rate on first day. Across flight patterns, day 3 showed the
lowest heart rate, but this was most likely due to the habituation of cattle to their
environment.
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3.4.3

Behavioral Response
The MR of heifers in GPFs and CPFs contrasted our initial hypothesis that heifers

will show strong behavioral response to UAVs. Heifers showed no significant behavioral
reaction to GPFs and CPFs which was consistent with Ditmer et al. (2015) who also
found similar outcome in MR of black bears introduced to UAV flights. Additionally,
Mulero-Pázmány, Barasona et al. (2015) reported no change in cattle behavior during
UAV flights at higher altitude (100 m). However the heifer MR contrasted Frid (2003)
where wild sheep fled in response to direct helicopter and fixed wing aircraft flights.
Though the magnitude of rotor and fixed-wing aircraft noise and physical presence differ
from UAVs, Ditmer et al. (2015) argued that stress induced by UAVs might be stronger
because UAVs can be used at lower altitudes and more frequently. Nonetheless, wild
ungulates will respond differently from their domesticated counterparts because of the
absence of regular interaction with humans and human altered environments. Grandin
(1997) reported that previous handling experience, genetic make-up, and life history
stage can influence the way an animal perceives stressful situation. The heifers in our
study were domesticated and pasture raised with frequent human, agricultural machinery,
and handling facility interaction. Therefore, previous experience with these extrinsic
factors may have improved heifer adaptability to external stimuli from UAVs. Also,
Brunton, Bolin et al. (2019b) reported that among large terrestrial mammals, UAV flight
altitude were more likely to induce strong changes in animal behavior. At 10 m AGL,
Mufford et al. (2019b) reported that cows with calves were initially vigilant but showed
no flight response to UAV flights. Similar to Mufford et al. (2019b), GPFs and CPFs
conducted at 9 m AGL around two-year old heifers were unable to elicit strong
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behavioral response as evidence in no significant change in heifer MR. Assuming altitude
is a driving factor for animal response, it can be surmised that flight altitudes from 9 m
AGL to 120 m (maximum allowed altitude for UAVs) would not impact pasture raised
cattle HR or MR if flights are conducted within this range.
3.4.4

Study Limitations
During the study, HR sensors were expected to record heifer HR continuously

across the weeks but hair around the heart girth and shifting of the HR sensor belt toward
the rear flank of the heifers diminished electrode-body contact and resulted in missing
data on some occasions. Additionally, hardware and software malfunction coupled with
collar loss in the field also affected the ability to include some collars in data processing.
Furthermore, based on our study protocols, 52 hours of heifer MR from behavior sensors
across all animals was expected, but less than 52 hours of data recording for GPS data
was observed due to battery limitations. This situation led to the absence of MR data for
day three (3) of each week.
3.4.5

Future work
The response of beef cattle to other external stimuli has been previously linked to

genetics and temperament (Grandin, 1997). However, how cattle temperament and
genetics influence their response to external stimuli from UAVs has not been
conclusively studied. Therefore, it is essential to investigate how other factors affect
cattle response to UAVs in future research. Additionally, the possibility of using multiple
UAVs in cattle health monitoring and herding operations (Jung & Ariyur, 2017) has been
explored in literature, but the behavioral and physiological impact of multiple UAVs
flights on beef cattle has yet to be quantified. Future studies investigating the impact of
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multiple UAV flight patterns on beef cattle physiology and behavior is warranted. Vas et
al. (2015) studied the effect of different UAV flight speed, color, and approach angle on
wild water bird species but how the different characteristics of the flight agent affect beef
cattle behavior is unknown. In future studies, the effect of different flight agent
characteristics on cattle behavior and physiology will be evaluated.

3.5

Conclusion
UAVs can offer an innovative means of remotely monitoring cattle behavior or

health. However, before UAVs are deployed for cattle surveillance, it is important to
understand the impact of UAVs on the physical and physiological wellbeing of beef
cattle. To this end, beef cattle heart and movement rate were measured in response to grid
and circular pattern UAV flights at 9 m AGL. The outcome of our study showed no
evidence of significant behavioral and physiological change in heifers in response to grid
and circular pattern flights at 9 m AGL. The integration of UAVs in traditional cattle
health monitoring has potential to improve early disease detection which should reduce
disease related deaths. However, further research is needed to understand how different
characteristics of the flight agent (UAV) and condition of the target species may
influence cattle response to UAVs.
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CHAPTER 4. THE BEHAVIORAL RESPONSE OF BEEF CATTLE TO UAV
FLIGHTS USING VIDEO DERIVED DURING UAV FLIGHTS.
4.1

Introduction
In cattle management, video recording with camera equipment has been used to

study the behavior of beef and dairy cattle in barns (Marisanna, Massimo et al., 2018;
Mendes, Carstens et al., 2011). Video surveillance allows animal behavior to be studied
by evaluating changes in physical behavior, feeding patterns, and animal alertness
(Baciadonna, Briefer et al., 2020; Overton, Sischo et al., 2002). Video recording
technology has the potential to reduce changes in animal behavior that may arise from inperson human observations (Theurer et al., 2013) and videos can be paused, replayed and
forwarded where needed. Other tools like global positioning system (GPS) have also
been used to study dairy and beef cattle behavior (de Weerd et al., 2015; Turner et al.,
2000). Using GPS collars, Jairo et al. (2016) reported that dairy cattle spent more than
half of pasture time grazing and resting and Robért et al. (2011) was able to classify cattle
behavior using accelerometers.
UAVs may be equipped with multiple onboard sensors such as visible cameras,
laser distance sensors (e.g., LiDAR), infrared and multispectral cameras (Laura
Thompson et al., 2018). UAVs equipped with visible cameras provide the pilot in
command (PIC) with a first person-view (FPV) of spatial and temporal changes in animal
physical behavior. UAVs have been used in herding operations (Murison, 2017),
estimating cattle volume with photogrammetry (Pampolini, 2020), and inspecting fence
lines (Jackson, 2021). Mulero-Pázmány et al. (2017) reported that UAV flight speed,
altitude and flight pattern can influence an animal’s response to UAV flights. Gender, age
and reproductive state of an animal was also highly correlated with the intensity of UAV
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response (Pomeroy et al., 2015). Previous research regarding cattle behavioral response
to UAVs in pasture utilized animal borne GPS collars to monitor movement (Abdulai et
al., 2021) and studies that used video recordings engaged ground-based fixed camera
systems (Hänninen et al., 2009; Porto, Arcidiacono et al., 2013) or cattle behavior bout
duration in response to UAV flights was not quantified (Barasona, Mulero-Pázmány et
al., 2015; Nyamuryekung’e et al., 2016). The aim of this this study was to investigate the
physical behavioral response of beef cattle to UAV flights using videos recorded with an
onboard visible camera. Previously, we had reported that heifer movement rate tracked
with animal borne GPS collars was limited during UAV flights (Abdulai et al., 2021).
Thus, it was hypothesized that standing and lying bout duration will dominate cattle
behavior during UAV flights. The outcome of this study will show that recorded videos
from onboard UAV visible cameras can be used to infer beef cattle behavioral response
to UAVs and offer alternative approach to quantifying beef cattle behavioral response to
UAVs.

4.2

Materials and methods

4.2.1

Study Location
The research was conducted at the beef unit of the University of Kentucky (UK)

C. Oran Little Research Center in Woodford County, Kentucky, USA (38.037765 N,
84.504842 W). The study began on June 11, 2019 and lasted four weeks with flights
repeated three days weekly. Four (4) pastures with two (2) heifers randomly assigned to
each pasture except one pasture that held three (3) heifers because of the large area of the
pasture. Nine (9) two-year-old cross-bred black angus heifers (𝑥̅ = 542 kg) without
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previous UAV flight exposure were introduced to circular pattern UAV flights. All
research protocols were approved by the UK Institutional Animal Care and Use
Committee (2017-2694) and were conducted without harm to heifers.
4.2.2

Unmanned Aerial Vehicle (UAVs)
A 1.4 kg quadcopter UAV (Phantom 4, DJI, Nanshan, Shenzhen, China) was used

to conduct circular pattern flights (CPFs). CPFs describe semiautonomous UAV flights
used to surveil cattle in pasture and involved the UAV moving in a circle around a
targeted heifer at a constant radius and angular velocity while maintaining the orientation
of the camera to point at the target (Figure 6). The current location of the heifer was
defined as the target. Nominal speed over ground of ~ 2 m/s at a radius of ~ 6 to 12 m
and nominal elevation above ground level (AGL) of ~9 m was used during CPFs. UAV
flight lasted about five minutes per pasture. The quadcopter UAV used a gimbal-operated
onboard visible spectrum camera recording 4K video (3840 × 2160) at 60 frames per
second - fps (Phantom 4, 2016). CPFs were conducted using a UAV ground control app
(DJI GO, version 4.3.16, DJI, Nanshan, Shenzhen, China). UAV flights were conducted
on day-1 of flight (afternoon, between 3:00 and 5:00 PM), two times on day-2 (morning,
between 8:00 and 10:00 AM and afternoon, between 3:00 and 5:00 PM) and on day-3
(morning, between 8:00 and 10:00 AM). A total of 60 UAV flights were conducted
during the study.
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Figure 6. CPFs conducted in pasture. Yellow and red dots represent the location of
heifers in pasture across the days of treatment, black dots show the flight route of
the UAV. The white circle shows the location of the heifer during CPFs. Heifers were
moved into and out of pasture along the fence line on the left and UAV take off
points were also located outside pastures (star mark). (Image cited from Abdulai et
al. (2021).
4.2.3

Heifer Behavior
The behavior of heifers recorded with the visible camera was downloaded from a

microSD card and analyzed using an open-source animal behavior program (Hänninen et

43

al., 2009). Heifer behavior was scored with the animal behavior program and four
different behaviors were selected for classification: (1) walking, (2) lying, (3) grazing and
(4) standing (Figure 7). The ethogram of heifer behavior was described in Table 4.
Table 4. Ethogram description of heifer behavior during CPFs.
Category Behavior Description
Active

Walking

Heifer locomotion at normal speed in pasture during UAV flights

Inactive

Lying

Heifers lying in a resting position in pasture during UAV flights

Inactive

Standing

Stationary on all four legs without movement during UAV flights

Active

Grazing

Heifers cutting and consuming grasses in pasture during UAV flights
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Figure 7. Snapshot of the open-source animal behavior software used to capture
heifer bout duration during circular pattern flights.
4.2.4

Statistical Analysis
Because of the short durations of daily behavior bout recorded during weekly

flights, behavior bout duration was analyzed irrespective of days within each week. The
statistical analysis was conducted according to the method showed by Baciadonna et al.
(2020). Mixed model effects repeated measure was used to analyze weekly behavior bout
duration of heifers. Scored heifer behavior and weeks treated was classified as the
exploratory variables and heifer behavior bout duration designated as dependent variable.
Residuals of the models were graphically evaluated for normal distribution using
quantile-quantile (q-q) plots. Tukey multiple analysis of means was used in post-hoc
analysis with means considered significant at p ≤ 0.05 using SAS Institute Inc 2014
(Cary, North Carolina).

4.3

Results

4.3.1

Weekly Heifer Behavior
In week one of CPFs, heifers spent 57% of the time lying-in pasture, 39.6%

standing, 1.4% grazing and 2.0% walking during UAV flights. In the week two, heifers
spent 42.2% of the time lying in pasture, 51.7% standing, 5.1% grazing and 1.0%
walking. In week three, heifers spent 27.4% of the time lying in pasture, 51.7% standing,
14.7% grazing, and 6.2% walking. In week four, heifers spent 29.6% of the time lying in
pasture, 47.7% standing, 15.3% grazing and 7.4% walking (Figure 8).
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Over the four-week period, beef heifers on pasture in June 2019 were shown to be
predominantly standing (37%) and lying down (43%) in pasture during circular pattern
flights with limited grazing (15%) and walking (5%) bout duration. When compared to
the mean duration from week 1 or 2, standing bout duration decreased (p < 0.0363) by
28- 40% for weeks 3 or 4. (Figure 8. A). Although the mean lying bout duration
numerically decreased by 22% from week 1 to week 4, there was no significant
difference (p > 0.0731) across the weeks (Figure 8. B). Comparing week 1 to 4, walking
and grazing bout duration of heifers numerically (p > 0.4083) increased by 115% (Figure
8. C) and 14% (Figure 8. D) respectively. When comparing behaviors, heifers
demonstrated 10 and 12-fold longer bout durations for standing or lying-in pasture than
walking (p < 0.0001) but were not significantly different (p > 0.8759) from grazing bout
duration in week one. In week two, the mean standing and lying bout durations were 28
and 25-fold higher than walking duration (p < 0.0001). Also, the mean standing duration
was four times higher than grazing (p = 0.0222). In week three, mean standing bout
duration was six times higher than the mean walking duration (p < 0.0001). Additionally,
mean lying duration was nine and three times higher than walking duration (p = 0.0002).
In week four, mean standing bout duration was three times higher than walking (p =
0.0199) but was not different from grazing duration (p = 0.6096). Also, the mean lying
bout duration was four-fold higher than walking (p = 0.0022). Grazing and walking bout
duration were not significantly different (p = 0.9952).
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Figure 8. Proportion of heifer behavioral response to UAV flights across weekly
flight treatment.
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D
Figure 9. Heifer behavioral reaction to UAV flights across weekly flight treatment,
(A) standing, (B) lying, (C) Walking and (D) Grazing.

The latency of heifer physical behavior bout duration varied across weeks when
heifers first encountered UAVs. The first-time heifers were introduced to CPFs, heifers
spent 67% of flight time standing before changing to walking behavior (Figure 10. A).
Also, the latency of heifers spotted lying down when first introduced to CPFs was 23% of
flight time before expressing standing behavior. Similarly, heifers spotted standing spent
7% of flight time standing before changing to lying behavior in week 1 when first
introduced to CPFs (Figure 10. A). Moreover, heifers spent 3% of flight time standing
before expressing grazing behavior when first introduced to CPFs in week 1 (Figure 10.
A). In week 2, heifers spent 26 – 39% of flight time standing during CPFs before
expressing walking, grazing and lying behavior when first introduced to CPFs (Figure 10.
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B). Also, heifers spent 4% of flight time lying down in pasture before standing when
heifers first encountered CPFs in week 2 (Figure 10. B). In week 3, heifers first
introduced to CPFs spent more than 50% of flight time standing before walking and 32%
of flight time lying down in pasture before standing during CPFs (Figure 10. C). Also,
heifers spent 8% of flight time standing before changing to grazing behavior at first
encounter with UAVs (Figure 10. C). In week 4, heifers spent 29 – 31% of flight time
standing before changing to walking and grazing behavior and heifers spotted lying down
spent 27% of flight time before changing to standing behavior when first introduced to
UAV flights (Figure 10. D). However, heifers found standing in pasture spent 7% of
flight time before changing to lying behavior (Figure 10. D). Furthermore, heifers found
grazing spent 2 – 4% of flight time before changing to standing and walking behavior
(Figure 10. D).
Across the weeks when heifers were first introduced to CPFs, heifers were more
likely to change behavior in week 3 (77%) and 4 (65%) than week 1 (47%) and 2 (38%)
(Figure 11).
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Figure 10. Instances of heifer behavioral change across week 1 (A), week 2 (B), week
3 (C) and week 4 (D) when first introduced to circular pattern UAV flights. Behavior
duration instances represents the time heifers spent expressing one behavior before
change to another when first introduced to circular pattern UAV flight.

Figure 11. The likelihood of heifer initial reaction to circular pattern UAV flights
across weeks.
4.4

Discussion
Results from our study showed that video recordings of changes in heifer behavior

observed during CPFs can be used to infer beef cattle behavioral response to UAV
flights. Our findings were consistent with Nyamuryekung’e et al. (2016) who reported
that recorded video with onboard UAV camera can be employed to deduce feeding
behavior of range cattle. The use of video recordings validates results shown in a prior
study by Abdulai et al. (2021) who showed no significant change in heifer movement rate
during CPFs using GPS collars. The limited active behavior observed with the GPS
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collars indicated that movement response reported by Abdulai et al. (2021) corresponded
with the high standing and lying bout duration in the heifers studied. It was possible that
the absence of avoidance behavior or fight reaction by the heifers to CPFs was due to the
manner (non-target flights) in which flights were implemented (Mulero-Pázmány et al.,
2017). The gradual increase in walking and grazing bout duration across weeks was
surmised to be a sign of habituation as the heifers may have perceived the UAV as benign
without negative impact resulting in more exploratory behavior. Also, the direct
relationship between grazing and walking bout duration across weekly flights was
supported by Umemura (2013) who reported that cattle grazing behavior corresponded
with walking behavior. Furthermore, heifers spent 29 – 67% of flight time standing
before changing to walking behavior across weeks when heifers first encountered UAV
flights. Similarly, heifers first introduced to CPFs spent 4 – 32% of flight time lying
down in pasture before expressing standing behavior. Active behavior like walking and
grazing were predominant in week 3 and 4 than week 1 and 2. Additionally, when first
introduced to CPFs, heifers were more likely to change behavior in week 3 and 4 than in
week 1 and 2. We assert that in week 1 and 2, heifers spent time trying to determine if the
UAV was a predator or source of danger resulting less active behavior like walking and
grazing. However, by week 3 and 4, heifers may have become habituated to the presence
of the UAV recognizing that UAV as non-predator which may have resulted in increased
exploratory behavior like walking and grazing.
Alternatively, Tracey and Fleming (2007) reported that the behavioral response of
feral goats to stimuli from helicopters was similar to anti-predatory reaction and resulted
in heighten vigilance and flight behavior. Nonetheless, heifers in this study were pasture
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raised and had familiar interaction with humans, agricultural machinery, handling
facilities, and vehicles which could have contributed to lowered locomotive response
during CPFs. Similarly, Schroeder et al. (2020) reported that captive guanacos or those
with familiar human encounters were less likely to react to UAV flights than their
counterparts in the wild which supports our assertion that the manner in which cattle were
raised and handled could have reduced the intensity of cattle performance. Also, it was
theorized that the heifers in our study may not have perceived the UAV as a predator or
source of harm resulting in lowered reactive behavioral response (walking or running).
UAV flight altitude, speed, and flight pattern implemented in this study may have
resulted in the limited locomotive behavior observed in the heifers (Mulero-Pázmány et
al., 2017; Schroeder et al., 2020). Brunton, Bolin et al. (2019a) reported that kangaroos
were unlikely to exhibit avoidance behavior in response to UAV flights at high altitudes
(> 30 m), but at lower altitudes (< 30 m) kangaroos fled and were alert during UAV
flights. Furthermore, the heifers in this study did not manifest heighten vigilance and
flight behavior but exhibited prolonged durations of lying and standing behavior duration
at ~ 9 m AGL. Video-based analysis of beef cattle behavioral response to UAVs
represents a noninvasive means of capturing temporal and spatial changes in the physical
behavior of cattle during UAV flights.
Despite the high lying and standing bout duration observed during CPFs, caution
must be taken when conducting UAV flights around beef cattle. The flight altitude used
in the study was consistent at 9 m AGL; nonetheless, the response of cattle to lower UAV
flight altitude and closer proximities may elicit stronger reaction than reported in our
study. To this end, future work should consider the effect of UAV altitude and proximity
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on beef cattle physiology and behavior. At 9 m AGL, video quality allowed for easy
discernment of physical behavior. The effect of different altitudes on the quality of
recorded videos that can be used to deduce animal behavior in pasture was not analyzed.
Nonetheless, videos derived from dynamic UAV flights can be used as input data for
detection and classification algorithm for tracking beef cattle behavior in real-time during
flights in pasture for future research.

4.5

Conclusion
The behavioral response of beef cattle to UAVs was analyzed with videos derived

from onboard visual sensor and analyzed with open-source animal behavior software.
During CPFs, pasture raised heifers spent majority of pasture time lying (43%) and
standing (37%) across the weeks flights were conducted. Also, when heifers were first
introduced to CPFs, heifers spent 29 – 67% flight time standing before changing to
walking behavior. Also, heifers spotted lying down in pasture spent 4 – 32% of flight
time before changing to standing behavior. Furthermore, heifers first introduced to CPFs
were more likely to change before in week 3 and 4 than week 1 and 2. We demonstrated
that beef cattle were unlikely to exhibit flight or fight behavioral response when
introduced to CPFs conducted at 9 m AGL. We also showed that videos obtained from
onboard visible camera sensors can be used to noninvasively ascertain beef cattle
behavioral response to UAV flights
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CHAPTER 5. THE PHYSIOLOGICAL AND BEHAVIORAL RESPONSE OF BEEF
CATTLE TO MULTI-AGENT UNMANNED AERIAL VEHICLE (UAV) FLIGHTS
5.1

Introduction
Unmanned aerial vehicles (UAVs), commonly called “drones” have been used in

wildlife surveys (Ezat et al., 2018; Mangewa et al., 2019), to estimate the weight of wild
animals (Krause et al., 2017a) and to spot poachers using images derived from on-board
sensors (Doull et al., 2021; Nuwer, 2017). Additionally, UAVs have been used to check
cattle health (Webb et al., 2017), count cattle in pasture (Xu et al., 2020) and inspect
electric fence (Jackson, 2021). Despite the many opportunities UAVs offer, UAVs can
induce intense changes in the behavior or physiology of animals (Bennitt et al., 2019).
Black bears recorded an initial spike in heart rate but became habituated after repeated
flights (Ditmer et al., 2019) and kangaroos were more likely to flee from UAV flights at
lower altitudes (Brunton et al., 2019b).
Recent development in cattle health and behavior research has shown that cattle
physiology and behavior can be monitored with multi-agent UAVs (Lindsey, 2020). This
innovation is expected to improve early disease detection in cattle health monitoring on
small herd operations. Moreover, multi-agent UAVs have shown promise in simulated
herding and rounding-up operations of cattle (Jung et al., 2017). Although multi-agent
UAVs have potential in cattle health research, literature regarding the effect of multiagent UAVs on cattle physiology or behavior is limited. To date, cattle behavioral and
physiological response to UAVs has been studied with a single multirotor UAV (Abdulai
et al., 2021), but little is known about the impact of multi-agent UAVs on cattle
wellbeing. Therefore, we investigated the physiological and behavioral reaction of beef
cattle to multi-agent UAV flights by measuring cattle heart rate and acceleration. Based
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on the findings of Ditmer et al. (2019), we hypothesized that multi-agent UAVs will
induce strong change in cattle heart rate and acceleration initially in the study, but
repeated flights will result in habituation. Our research findings may be used to advise
welfare and ethical guidelines for safely deploying multi-agent UAVs that interact with
cattle in pasture.

5.2
5.2.1

Materials and methods
Study Area
The research was conducted at the beef unit of the University of Kentucky (UK)

C. Oran Little Research Center in Versailles (38.037765 N, 84.504842 W), Kentucky,
USA. The study began August 11, 2020 and lasted four weeks with flights repeated three
days per week. Sixteen crossbred black angus heifer yearlings (348 +/- 34 kg) with no
prior exposure to UAVs were used in the study with each pasture (0.81 hectares) holding
two heifers. All research protocols were approved by the UK Institutional Animal Care
and Use Committee (2017-2694) and were conducted without harm to heifers.
5.2.2

Physiology and Behavior Sensors
A noninvasive heart rate (HR) sensor (Polar H10, Kempele, Finland) similar to

that used by Abdulai et al. (2021) was used to measure heifer HR in beat per minute
(bpm) at one second intervals. Prior to installing the HR sensors, both sides of the lower
thorax of each heifer was shaved similar to the protocol described by Doerfler et al.
(2016). A belt strap (Polar Equine belt, Kempele, Finland) with the HR sensor attached
was mounted around the thorax of each heifer and electrode gel (Aloe Vera, Fruit of the
Earth, Grand Prairie, Texas, USA) was applied to improve skin-electrode contact. Heifer
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behavior was measured with a smartphone (LG Tribute Dynasty, LG, Seoul, South
Korea) accelerometer using a data logging app (AndroSensor, version 1.9.6.3). Each
mounted collar (1.2 +/- 0.03 kg) contained an individual smartphone, GPS receiver
(Flashback GPS, LandAirSea Systems Incorporated, Woodstock, Illinois, USA), and an
external battery pack (RUIPU, 24000 mAh model).
5.2.3

UAVs Platform
Two quadcopters (DJI Phantom 4, Nanshan, Shenzhen, China), each of 1.4 kg,

were used to conduct (i) circular pattern and (ii) approach-style multi-agent flights for
four weeks, except on the first day in week one. On the first day in week one, we used a
small quadcopter (DJI Phantom 4, weight of 1.4 kg) and a bigger quadcopter (DJI
Matrice 300 RTK, 6.3 kg) due to the absence of an additional small quadcopter.
Moreover, the large drone was unavailable for the rest of the study across weeks. Circular
pattern flights (CPFs) consisted of two UAVs flying semi-autonomously in a circular
maneuver centered at the heifer for four minutes. The UAV maneuvers were about 5 m
and 9 m AGL with a radius of 6 -12m and a nominal velocity of about 1m/s Figure 12).
Additionally, approach-style flights (ASFs) comprised of two UAVs that manually
targeted heifers at altitudes < 9 m AGL, horizontal distance < 9 m from heifers at
nominal velocity of 1 m/s to induce heifer movementFigure 12. B). Instances when
heifers were under trees made the implementation of CPF maneuvers challenging. Thus,
these UAV flights were completed in a semi-circular fashion to avoid tree collision. A
ground control app (DJI GO, 4.3.16, Nanshan, Shenzhen, China) was used to
independently operate each UAV resulting in a total of 224 flights. Each UAV was
operated by a pilot-in-command (PIC) in accordance with Federal Aviation
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Administration (FAA) Part 107 guidelines each week according to the schedule in Table
5.
Table 5. Flight time and day treatments conducted.
Day of Flight
Status of Day

Time of Day – Eastern
Daylight Time

Day - 1

Afternoon - PM

3:00 – 5:00

Day - 2

Morning - AM

7:00 – 9:00

Day - 2

Afternoon - PM

3:00 – 5:00

Day - 3

Morning - AM

7:00 – 9:00

5.2.4

UAV Noise
The noise produced during multi-agent UAV flights was measured in dBA with a

sound level meter (Extech 407750, Flir Systems, Willsonville, Oregon) by installing the
sound level meter on a wooden stand one meter AGL and recordings completed by flying
the UAVs in a circular pattern and approach-style fashion directly above the microphone
of the sound level meter at 1 m/s. UAVs in CPFs were conducted at 5 m and 9 m AGL
above one another over the microphone of the sound level meter. During ASFs, both
UAVs hovered at 5 m AGL directly above the micriophone of the sound level meter at 2
m apart.
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A

B

Figure 12. Flight plan used to deploy multi-agent circular pattern (A) and approach
style (B) flights in the study.
5.2.5

Data Analysis
The response of heifers to CPFs and ASFs were evaluated using data acquired from

heart rate sensors from week one (n = 16), two (n = 13), three (n = 16) and four (n = 11);
and accelerometers in week one (n = 16), two (n = 15), three (n = 16) and four (n = 14).
Repeated linear mixed model effect was implemented according to the method reported
by Doerfler et al. (2016) to analyze HR and acceleration data using SAS 9.4 (SAS
Institute Inc., Cary, North Carolina). The fixed variables were flight conditions (preflight
and UAV flight), weekly flight, and time of day; and random effects were heifer HR and
acceleration. Preflight HR and acceleration represent baseline measurements which were
reported 30 minutes before all heifers were introduced to UAV flights, and those reported
during UAV flights were measured when UAVs sighted heifers in pasture. HR and
acceleration difference were determined by subtracting mean HR and acceleration during
UAV flights from baseline values. Tukey multiple analysis of means was applied in post61

hoc analysis to determine the statistical difference between mean preflight and UAV
flight HR, and acceleration across weeks and within days each week (one, two, three and
four). Statistical differences were considered significant at P ≤ 0.05. Quantile-quantile
plots of residuals were constructed to test for normal distribution. Analysis of covariance
of heifer HR and ambient temperature was also conducted. Heifer HR represented
dependent variable and ambient temperature was designated as continuous covariate
variable.

5.3
5.3.1

Results
Heifer Response
The least mean square (HR and acceleration) value of heifers reported within

(Table 6) and across (Table 7) weeks when UAV flight were completed with CPFs and
ASFs. The mean HR and acceleration difference of heifers introduced to CPFs (A and C)
and ASFs (B and D) across days (Figure 13) with mean preflight HR and acceleration
displayed above the bar chart. The sound pressure level (SPL) of the ammbient pasture
before multi-agent flights was 32.9 dB, 63.2 dB during CPFs, and 71.3 dB during ASFs.
Moreover, the analysis of covriance resulted in an R-square value of 0.085 (P = 0.0518).
5.3.2

Heifer Physiology
The HR response of heifers introduced to CPFs and ASFs increased (P < 0.05) in

week one by 20% and 17% (Table 6) but decreased to 3% and 6% rise in week four
respectively. Across all flight patterns and weeks, heifer preflight HR increased by 8% (P
< 0.0001) after exposure to CPFs and ASFs (Table 7).
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5.3.3

Heifer Behavior
Heifers showed significant behavioral change (P < 0.05) to ASFs with 33%

increase in acceleration in week one (Table 6) but repeated flights across week two and
three resulted in 20% acceleration increase in week four (Table 6). Also, the acceleration
of heifers introduced to CPFs was significantly different (P < 0.05) from preflight with
43% and 48% increase in acceleration in week one and two but repeated flights in week
three and four resulted in 5% rise in heifer acceleration in week four. Across all flights,
heifer acceleration increased by 23% when introduced to CPFs and ASFs (P < 0.0001)
(Table 7).
Table 6. The HR and acceleration of heifers introduced to CPFs and ASFs within weeks
a
.
Week
Preflight UAV Flight P-value Preflight UAV Flight c P-value
b

Heart Rate (bpm) d
Week 1
Week 2
Week 3
Week 4
Acceleration
(m/s2) e
Week 1
Week 2
Week 3
Week 4

c

b

Circular Pattern Flights
76.2±2.5
91.5±2.4
69.6±3.7
74.5±3.5
81.0±2.4
79.6±2.4
78.6±3.3
81.4±3.3

2.1±0.14
2.1±0.18
2.3±0.16
2.1±0.20

3.0 ± 0.14
3.1 ± 0.18
2.3 ± 0.16
2.2 ± 0.20

0.0019
0.9999
1.0000
1.0000

Approach Style Flights
83.3±2.4
97.7±2.4
83.3±2.7
85.6±2.7
82.2±2.5
88.9±2.5
78.5±3.3
83.0±3.4

0.0023
1.0000
0.8663
0.9999

0.0019
0.0149
1.0000
1.0000

2.1±0.15
2.3±0.17
2.4±0.14
2.0±0.17

0.0411
0.8741
0.9104
0.9418

2.8±0.15
2.7±0.17
2.7±0.14
2.4±0.17

Table 7. The preflight and UAV flight HR and acceleration of heifers introduced to CPFs
and ASFs across weeks a
Item
Preflight b
UAV Flight c
P-value
Heart Rate (bpm) d

79.4 ± 1.03

85.6 ± 1.04

< 0.0001

Acceleration (m/s2) e

2.2 ± 0.06

2.7 ± 0.06

< 0.0001
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Least square means of heifer HR and acceleration within weeks ± SEM

b

Preflight, 30 minutes prior to UAV flight in pasture

c

UAV Flight, Four (4) minute of UAV flight in pasture

d

bpm, beats per minute.

e

meters per second squared.

Heart Rate Difference (bpm)

a

A
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Acceleration Difference (m/s2)

B

C
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Acceleration Difference (m/s2)

D
Figure 13. Bar chart of mean HR and acceleration difference of heifers across days
for CPFs (A and C) and ASFs (B and D). The mean preflight HR and acceleration of
each day are shown above the bar charts.

5.4
5.4.1

Discussion
Physiological Reaction
Although heifers introduced to multi-agent CPFs and ASFs showed significant

HR response at the start of the study, repeated flights across weeks may have resulted in
habituation. These findings were consistent with Ditmer et al. (2019) who found that
black bears became habituated to UAV flights after repeated exposure. Elevated HR
response may be signs of physiological stress which can increase anxiety and disruption
of biological process in cattle (CSIRO.AU, 2019). Generally, heifers introduced to ASFs
reported higher HR values than preflight HR across the weeks multi-agent flights were
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conducted. These observations may have risen from lowered flight altitude, targeted
UAV approach, and UAV proximity to heifers during ASFs (Mulero-Pázmány et al.,
2017; Vas et al., 2015). Furthermore, the noise induced during ASFs (71.3 dB) may have
contributed to higher HR response than CPFs (63.2 dB) (Smith et al., 2016). However,
our findings contrasted Abdulai et al. (2021) who found no significant change in heifer
HR in response to a single multirotor circular pattern flight. It is noteworthy that the first
day in week one when the small and large UAV were used, the HR of heifers increased
by 22% and 24% (from preflight - CPFs and ASFs respectively). These findings were
consistent with Mulero-Pázmány et al. (2017) who reported that UAV size can negatively
affect the intensity of an animal’s reaction. Furthermore, similar to Abdulai et al. (2021)
heifer HR was not influenced by ambient temperature.
5.4.2

Behavioral Reaction
Heifers introduced to CPFs and ASFs showed significant behavioral response to

multi-agent UAV flights in week one which was followed by a significant change in HR.
Although repeated ASFs across week two, three and four resulted in less intense
behavioral reaction, heifers introduced to ASFs were more likely to flee than their
counterparts in CPFs. This was consistent with Bennitt et al. (2019) who reported that
UAV flights that targeted animals at lower altitudes have higher likelihood of triggering
stronger behavioral response than higher altitudes in most species. Contrast to the
behavioral reaction of heifers introduced to ASFs in week two, CPFs resulted in
significant behavioral change in heifers without corresponding significant change in HR.
However, repeated flights across week three and four resulted in habituation as evidenced
in decreased heifer acceleration in week four. On the first day in week one, the
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acceleration of heifers increased by 48% and 53% from preflight conditions (CPFs and
ASFs respectively).
Future research into how beef cattle temperament influences their behavioral and
physiological response to multi-agent UAVs will be helpful in understanding how
individual temperament impact heifer response to UAV flights. Also, we will consider
the use of other behavior measurements like pedometers and analysis of recorded videos
for documenting cattle behavioral response to multi-agent UAV flights.

5.5

Conclusion
In this study, the physiological and behavioral response of beef cattle to multi-agent

UAV flights was studied using CPFs and ASFs. Multi-agent UAV flights were completed
with two multirotor UAVs flown semi-autonomously for CPFs and manually for ASFs.
At the end of the four-week study, CPFs and ASFs were shown to increase heifer heart
rate by 20% and 17% in week one but repeated flights across weeks appeared to result in
habituation. Additionally, heifers introduced to CPFs showed 43% and 48% increase in
acceleration in week one and two respectively but became habituated after repeated
weekly exposure. However, heifers introduced to ASFs were more likely to flee even
after repeated flights. The outcome of this study will add to the body of knowledge on
safe use of multi-agent UAVs for monitoring cattle health and handling operations.
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CHAPTER 6. OVERALL CONCLUSIONS
In this research, we accomplished four objectives meant to understand beef cattle
behavioral and physiological response to single and multirotor UAV flights using
noninvasive heart rate and movement sensors.
The horizontal accuracy of a smartphone and stand-alone GPS receiver were
evaluated under open field, under tree with/without foliage and near electric fence
conditions. The horizontal accuracy of the two GPS receivers were tested at one second
and five-minute sampling interval under static testing conditions. The horizontal accuracy
of the two GPS receivers improved by more than 100% at one second sample interval
compared to five-minute sample interval. Similarly, compared to open field and under
tree static testing, the horizontal accuracy of the two low-cost GPS receivers improved by
more than 4%. Generally, the stand-alone GPS receiver registered higher horizontal
accuracy than the smartphone. The horizontal accuracy of the two-cost GPS receivers
was comparable to high-cost animal borne GPS receivers and was suitable for large herd
animal behavior research when housed in a robust collar.
The physiological and behavioral response of beef cattle to grid and circular pattern
flights was also investigated in this research. We introduced 18 two-year-old cross bred
heifers to grid and circular pattern flights to investigate cattle response to different UAV
flight patterns. We showed that grid and circular pattern flights conducted at 9 m AGL
and at ~2 m/s did not elicit strong heart rate response in heifers and heifers introduced to
both flight treatments did not flee or show avoidance behavior during UAV flights.
We also evaluated the response of beef cattle to UAV flights using videos recorded
during UAV flights. We introduced nine crossbred two-year-old heifers to circular
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pattern flights at 9 m AGL at ~2 m/s and evaluated their physical behavior using videos
recorded with onboard visual camera. Across weeks circular pattern flights were
conducted, heifers spent majority of pasture time (37 – 43%) lying down and standing in
pasture. Additionally, heifers spotted standing were likely to walk and those lying down
likely to stand when first introduced to circular pattern flights. Moreover, beef heifers
introduced to circular pattern flights were less likely to flee or show avoidance behavior.
Videos recordings of cattle behavior during UAV flights can be used quantify beef cattle
behavioral response to UAV flights.
Furthermore, we investigated the behavioral and physiological response of beef
cattle to multi-agent approach style and circular pattern UAV flights conducted at ~1m/s
at different altitudes AGL. We showed that when first introduced to circular and
approach-style flights, beef heifers showed strong heart rate response, but repeated flights
resulted in habituation. Also, heifers introduced to circular pattern flights showed fleeing
and avoidance behavior initially but became habituated after repeated flights. However,
heifers exposed to approached style flights showed no habituative behavior even after
repeated flights.
The use of UAVs in cattle health and behavior monitoring can induce strong
reaction depending on the flight pattern, number of UAVs and flight altitude
implemented. Therefore, caution showed be taken when conducting UAV flights.
Information from this study may provide resource for creating guidelines for safely using
UAVs in cattle environment.

70

APPENDIX A. AMBIENT, BOUT DURATION, COLLAR AND HEIFER WEIGHT
AND HEIFER PHYSIOLOGY AND BEHAVIOR DATA.
Table 8. Mean heifer heart rate and speed observed preflight and during grid pattern and
circular pattern flights in 2019.

Flight
Weeks

Heart Rate (bpm) a

Flight
Days
Preflight

b

UAV Flight

c

Preflight

Nd,Ne Nd,Ne
b

Grid

Circular

UAV Flight
c

Day 1, PM
Day 2, AM
Week 1 Day 2, PM
Day 3, AM

Grid Pattern Flight
78.1 ± 3.5
78.5 ± 4.3
69.8 ± 6.1
73.6 ± 4.8
64.9 ± 3.8
66.8 ± 3.6
62.4 ± 6.3
59.1 ± 2.2

Circular Patter Flight
82.6 ± 4.4
79.3 ± 4.0
68.4 ± 2.6
69.5 ± 3.2
73.6 ± 4.6
72.4 ± 3.4
60.2 ± 5.1
63.4 ± 6.3

6,6
5,5
4,4
3,2

6,6
4,4
6,6
4,4

Day 1, PM
Week 2 Day 2, AM
Day 2, PM

70.9 ± 1.9
58.3 ± 2.5
71.9 ± 4.1

70.4 ± 3.1
60.5 ± 4.2
73.6 ± 3.9

72.1 ± 4.1
62.8 ± 2.2
68.9 ± 3.2

71.6 ± 4.3
63.9 ± 2.0
68.5 ± 2.9

7,7
4,7
7,7

7,7
7,6
6,6

Day 1, PM
Week 3 Day 2, AM
Day 2, PM
Day 3, AM

76.4 ± 5.5
71.4 ± 5.7
74.4 ± 3.0
55.6 ± 3.0

75.3 ± 4.7
70.5 ± 5.9
76.1 ± 3.5
55.4 ± 4.1

78.8 ± 3.8
76.6 ± 2.9
76.6 ± 2.4
62.0 ± 2.6

77.6 ± 4.3
77.7 ± 2.2
77.9 ± 2.6
60.3 ± 2.7

5,5
5,5
5,5
4,4

8,8
8,8
8,8
6,6

Day 1, PM
Week 4 Day 2, AM
Day 2, PM
Day 3, AM

6,6
6,7
5,5
6,6

6,6
7,6
7,7
7,7

Day 1, PM
Week 1 Day 2, AM
Day 2, PM

72.6 ± 2.6
70.9 ± 1.8
74.7 ± 2.9
77.9 ± 2.1
71.4 ± 2.7
72.2 ± 2.5
74.3 ± 2.1
77.4 ± 2.0
67.9 ± 4.4
71.6 ± 4.2
72.2 ± 2.5
72.3 ± 2.8
61.2 ± 2.0
61.3 ± 2.1
63.4 ± 2.8
61.7 ± 2.7
Movement Rate (m/s) f
0.03 ± 0.01 0.04 ± 0.03
0.06 ± 0.03 0.02 ± 0.01
0.02 ± 0.02 0.01 ± 0
0.01 ± 0.01 0.03 ± 0.02
0.02 ± 0.01 0.01 ± 0
0.06 ± 0.03 0.05 ± 0.02

4,4
4,4
3,3

7,7
6,6
6,6

Day 1, PM
Week 2 Day 2, AM
Day 2, PM

0.01 ± 0.01
0.03 ± 0.01
0.04 ± 0.01

0.01 ± 0.01
0.02 ± 0.01
0.03 ± 0.01

0.02 ± 0.01
0.03 ± 0.01
0.05 ± 0.03

0.04 ± 0.01
0.03 ± 0.01
0.05 ± 0.02

7,7
7,7
7,7

6,6
6,6
6,6

Day 1, PM
Week 3 Day 2, AM
Day 2, PM

0.13 ± 0.04
0.09 ± 0.04
0.09 ± 0.06

0.09 ± 0.04
0.02 ± 0.01
0.06 ± 0.04

0.08 ± 0.04
0.06 ± 0.03
0.07 ± 0.03

0.06 ± 0.03
0.07 ± 0.04
0.02 ± 0.01

5,5
5,5
5,5

7,7
5,5
5,4

Day 1, PM

0.05 ± 0.04

0.04 ± 0.03

0.18 ± 0.11

0.10 ± 0.05

7,7

7,7
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Week 4 Day 2, AM 0.03 ± 0.01 0.05 ± 0.02
0.12 ± 0.04
Day 2, PM 0.06 ± 0.04 0.07 ± 0.04
0.10 ± 0.06
a
Heifer heart rate (Mean ± Standard Error).
b
Preflight, Five (5) minute prior to UAV flight in pasture.
c
During UAV Flight, Five (5) minutes of UAV flight in pasture.
d
Sample size of preflight treatment
e
Sample size of UAV flight treatment
f
Heifer Movement Rate (m/s)
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0.23 ± 0.10
0.05 ± 0.02

7,7
7,7

7,7
6,6

Table 9. Daily Ambient Temperature, relative humidity and temperature heat index of
pasture where grid and circular pattern flights were conducted in 2019.

Weekly
Flight

Daily
Flight

Ambient
Temperature a (°C)

Week 1

Relative
Humidity b (%)

Temperature
Heat Index c

Day 1, PM
22.7
36.6
67.6
Day 2, AM
17.5
70.3
62.5
Day 2, PM
21.8
68.3
68.9
Day 3, AM
16.0
75.0
60.4
Week 2 Day 1, PM
26.4
73.9
76.4
Day 2, AM
21.4
86.8
69.6
Day 2, PM
26.2
69.4
75.5
Week 3 Day 1, PM
30.7
50.4
79.2
Day 2, AM
25.5
64.8
73.9
Day 2, PM
31.0
48.8
79.3
Day 3, AM
20.9
81.1
68.4
Week 4 Day 1, PM
30.9
48.0
79.1
Day 2, AM
26.2
78.8
76.7
Day 2, PM
31.7
52.0
80.7
Day 3, AM
21.8
82.3
69.9
a
Ambient Temperature, temperature of the environment during UAV flights
b
Relative Humidity represents the relative humidity of the surroundings during UAV flight
c
Temperature Heat Index calculation was adopted from work by Mader, Davis et al. (2006).
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Table 10. Heifer heart rate and acceleration preflight and during multi-agent UAV flight
when heifers were introduced to circular and approach-style flights.

Weekly
Flights

Week 1

Week 2
Week 3

Week 4

Daily
Flights

Heart Rate (bpm)a
CPF

Heart Rate (bpm)a
ASF

Preflight b

UAV Flight

Preflight b

Day 1, PM
Day 2, AM
Day 2, PM
Day 3, AM
Day 1, PM
Day 2, AM
Day 3, AM
Day 1, PM
Day 2, AM
Day 2, PM

77.3 ± 4.0
71.8 ± 2.7
74.5 ± 3.1
82.0 ± 3.2
72.6 ± 6.1
75.3 ± 6.6
62.3 ± 8.4
83.2 ± 4.7
86.8 ± 7.1
72.0 ± 4.5

94.4 ± 6.3
103 ± 9.9
87.6 ± 6.3
79.2 ± 3.7
87.9 ± 8.7
76.7 ± 3.1
60.5 ± 6.5
81.3 ± 3.3
82.6 ± 5.9
76.9 ± 4.0

Day 3, AM
Day 1, PM
Day 2, PM
Day 3, AM

81.1 ± 6.4
73.4 ± 3.0
82.5 ± 9.8
78.1 ± 2.7

76.7 ± 2.9
83.5 ± 3.1
81.9 ± 7.1
77.1 ± 4.5

86.2 ± 4.0
79.4 ± 3.4
80.4 ± 4.8
86.5 ± 2.8
92.4 ± 4.6
83.1 ± 2.3
75.5 ± 6.6
84.7 ± 3.2
85.2 ± 4.7
80.30 ±
3.5
77.2 ± 2.9
77.2 ± 2.9
78.3 ± 3.7
78.5 ± 3.8

c

Nd,Ne

CPF

ASF

UAV
Flight c
106 ± 6.0
96.2 ± 7.1
97.2 ± 5.2
89.8 ± 5.7
96.2 ± 3.5
89.0 ± 3.2
72.1 ± 7.4
102 ± 5.1
82.1 ± 3.2
81.5 ± 2.8

7,7
7,7
6,6
6,6
5,5
4,4
7,7
7,7
7,7
7,7

8,8
7,6
7,7
7,7
8,8
8,8
7,7
8,8
7,7
6,6

86.6 ± 6.9
85.3 ± 3.9
82.4 ± 3.9
79.8 ± 5.2

7,7
5,5
5,5
5,5

6,6
5,5
5,5
5,4

8,8
8,8
8,8
8,8
7,7
7,7
7,7
8,8
6,6
5,5
5,5
6,6
5,5
5,5

8,8
8,8
7,7
7,7
8,8
8,8
7,7
8,8
8,8
8,8
8,8
8,8
8,8
8,8

Acceleration (m/s2)f
Acceleration (m/s2)f
CPF
ASF
Week 1 Day 1, PM
2.1 ± 0.2
3.1 ± 0.3
1.9 ± 0.2
2.9 ± 0.3
Day 2, AM 2.0 ± 0.3
3.3 ± 0.3
1.8 ± 0.1
3.1 ± 0.3
Day 2, PM
2.5 ± 0.4
3.0 ± 0.3
2.5 ± 0.7
2.7 ± 0.3
Day 3, AM 2.1 ± 0.3
2.8 ± 0.2
2.4 ± 0.3
2.7 ± 0.1
Week 2 Day 1, PM
2.6 ± 0.3
2.8 ± 0.4
2.7 ± 0.3
2.4 ± 0.4
Day 2, AM 2.2 ± 0.3
3.8 ± 0.4
2.0 ± 0.1
2.9 ± 0.3
Day 3, AM 1.6 ± 0.1
2.6 ± 0.4
2.1 ± 0.2
2.8 ± 0.3
Week 3 Day 1, PM
1.9 ± 0.1
2.5 ± 0.3
2.2 ± 0.3
2.9 ± 0.3
Day 2, AM 2.8 ± 0.3
2.2 ± 0.3
2.5 ± 0.3
2.7 ± 0.2
Day 2, PM
3.0 ± 0.2
2.6 ± 0.4
2.2 ± 0.4
2.3 ± 0.3
Day 3, AM 2.4 ± 0.3
2.0 ± 0.2
2.6 ± 0.4
3.0 ± 0.3
Week 4 Day 1, PM
1.9 ± 0.2
2.2 ± 0.3
2.0 ± 0.3
2.3 ± 0.3
Day 2, PM
2.5 ± 0.4
2.3 ± 0.4
2.0 ± 0.4
2.4 ± 0.3
Day 3, AM 2.0 ± 0.2
2.2 ± 0.3
2.0 ± 0.2
2.5 ± 0.3
a
bpm, beats per minute (Mean ± Standard Error).
b
Preflight, Four (4) minute prior to UAV flight in pasture.
c
During UAV Flight, Four (4) minutes of UAV flight in pasture.
d
Sample size of collars in preflight conditions
e
Sample size of collars in UAV flight conditions
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Nd,Ne

f

m/s2, Heifer Acceleration (Mean ± Standard Error).

Table 11. Mean weekly behavior bout duration of heifers introduced to circular pattern
flights.

Weekly
Flight

Week 1

Week 2

Week 3

Week 4

Weekly Behavior Duration (sec)
Standing

Lying

Walking

Grazing

Mean ± SE

180.4 ± 24.0

209.6 ± 19.6

17.7 ± 6.0

65.28 ± 58.6

N

21

26

11

2

Mean ± SE

213.2 ± 3.2

189.9 ± 37.7

7.6 ± 3.2

50.5 ± 23.1

N

12

11

7

5

Mean ± SE

128.2 ± 19.3

195.5 ± 38.2

20.9 ± 4.6

76 ± 18.1

N

23

8

17

11

Mean ± SE

130.6 ± 16.2

163 ± 16.3

38.1 ± 9.3

74.5 ± 14.8

N

32

16

17

18
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Table 12. The weight of collars and heifers used in 2019 circular and grid pattern flight
study.

Collar Weight (Kg)
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.6
0.7
0.7
0.7
0.7
0.7
0.7
0.7

Heifer Weight (Kg)
544.3
528.9
518.5
527.5
567.0
562.5
505.8
562.5
505.8
551.1
494.4
459.0
519.8
537.5
515.3
657.7
560.6
624.6

Table 13. The weight of collars and heifers used in 2020 multi-agent flight field study.
Collar Weight (Kg)
1.2
1.3
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2

Heifer Weight (Kg)
397.3
399.2
311.1
368.8
358.3
333.4
328.9
335.7
284.9
298.9
374.7
331.1
386.5
360.2
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APPENDIX B. SAS CODE FOR ANALYZING RESEARCH DATA
1) SAS Code used to analyze heifer heart rate and behavior data.
-----------------------------------------------------------------------------------------------------------proc mixed data=WORK.SPEED method=ml plots=(residualPanel)
alpha=0.05;
class Week Day Time Status Type;
model Speed=Week Day Time Status Type /;
random Type /;
repeated Week /;
lsmeans Status / adjust=tukey pdiff=all alpha=0.05 cl;
run;
----------------------------------------------------------------proc mixed data=WORK.HR method=ml plots=(residualPanel)
alpha=0.05;
class Week Day Time Status Type;
model HR=Week Day Time Status Type /;
random Type /;
repeated Week /;
lsmeans Status / adjust=tukey pdiff=all alpha=0.05 cl;
run;
--------------------------------------------------------------2) SAS Code used to analyze heifer bout duration data
proc mixed data=WORK.LOGX method=reml plots=(residualPanel)
alpha=0.05;
class Behavior;
model Week=Behavior /;
random Duration /;
repeated /;
lsmeans Behavior / adjust=tukey pdiff=all alpha=0.05 cl;
run;
----------------------------------------------------------------3) SAS Code used to analyze GPS horizontal accuracy data
proc genmod data=WORK.GPS plots=(predicted resraw(index xbeta)
stdreschi(index)
77

);
class Measure Location Device Year / param=glm;
model Accuracy=Measure Location Device Year
Measure*Location*Device*Year /
dist=normal;
lsmeans Measure*Location*Device*Year / adjust=tukey
pdiff=all alpha=0.05 cl;
run;
------------------------------------------------------------------------------------------------------------
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APPENDIX C. IMAGES OF WOODEN STANDS PLACED IN THE FIELD FOR
STATIC TESTING, BEEF HEIFERS IN SQUEEZE CHUTE AND HOLDING PEN.

Figure 14. Wooden stands placed near electric fence line during static testing of GPS
receivers.
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Figure 15. Wooden stands placed under tree with foliage line during static testing of GPS
receivers.

Figure 16. Wooden stands placed in open field without obstruction during static testing of
GPS receivers.
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Figure 17. Snapshot of Polar Flow App used to record heifer heart rate during field study.
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Figure 18. Paired up heifers in holding pen after mounting heart rate and movement
sensors.

Figure 19. Heifer held in hydraulic chute before mounting heart rate and movement
sensors.
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APPENDIX D. LINK TO VIDEO RECORDING OF BEEF CATTLE RESPONSE TO
MULTI-AGENT UAV FLIGHTS.

------------------------------------------------------------------------------------------------------------
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